Methods: 4DCT and Xe-CT data sets from four adult sheep are used in this study. 
Introduction
nearby normal tissue during RT and can be used to evaluate the effectiveness of a treatment Early studies using CT to study regional air volume changes have proved to enhance and contraction [13] using a Jacobian-based ventilation measure. While they were able to 31 show that their accumulated measurements matched well with the global measurements, air volume change by intensity change (SAI). We show that the SAI ventilation measure 24 can be derived from the SAJ measure by making the assumption that there is no tissue 25 volume change between registration volumes. We evaluate these three measures by com- 
Image Data Sets

24
Appropriate animal ethics approval was obtained for these protocols from the University 40.4, and 46.7 kg) were used for this study. The sheep were anesthetized using intravenous 28 pentobarbital and pancuronium to ensure adequate sedation and to prevent spontaneous 
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Figure 1: Figure shows the two types of images, a image pair of full lung volumetric phases EE and EI from a 4DCT scan and a Xe-CT scan acquired at end of expiration over 45 respiratory cycles (EE 0 to EE 44 ), which are analyzed during the processing. Transformation T1 registers end inspiration (EI) to end expiration (EE) data and can be used to assess local lung function via calculations of three ventilation measures: specific air volume change by specific volume change (SAJ), specific air volume change by corrected Jacobian (SACJ), and specific air volume change by intensity (SAI). The 45 distinctive partial lung volumetric Xe-CT scans EE 0 to EE 44 are used to calculate Xe-CT-based measure of specific ventilation (sV). Transformation T2 maps the sV data into the coordinate system of the EE image (end expiration phase of the 4DCT scan) to allow direct comparison with the 4DCT and registration-based measures of ventilation. 
where Ω is the union domain of the lung regions in images I 1 and I 2 . Hoffman et al. [25] , from the CT value of a given voxel, the tissue volume can be estimated
and the air volume can be estimated as
where ν(x) denotes the volume of voxel x and I(x) is the intensity of a voxel at position x.
6
HU air and HU tissue refer to the intensity of air and tissue, respectively. In this work, we 7 assume that air is -1000 HU and tissue is 0 HU. α(I(x)) = Given (2), we can then define the SSTVD cost:
The notation I 1 (h(x)) is interpreted as the image I 1 (x) deformed by the transformation 11 h(x) and is computed using trilinear interpolation. The deformed volume element ν 1 (h(x)) 12 is calculated using the Jacobian J(x) times the volume element ν 2 (x), i.e., ν 1 (h(x)) =
13
J(x)ν 2 (x). As the blood vessels branch to smaller and smaller diameters, the raw grayscale in- 
2γ 2 ) if λ 2 < 0 and λ 3 < 0 0 otherwise
where R A distinguishes between plate-like and tubular structures, R B accounts for the 3 deviation from a blob-like structure, and S differentiates between tubular structure and 4 noise. The vesselness function has been previously widely used in vessel segmentations in 5 lungs [27, 28] and in retinas [29] . α, β, γ control the sensitivity of the vesselness measure.
6
The vesselness measure is rescaled to [0, 1] and can be considered as a probability-like 7 estimate of vesselness features. For this study, α = 0.5, β = 0.5, and γ = 5 and the 8 weighting constants in the total cost were set as ρ = 1 and χ = 0.2. These parameters are 9 similar to those used in our previous work [19, 20] .
10
The transformation h(x) is a cubic B-splines transform:
where φ i describes the displacements of the control nodes and β (3) (x) is a three-dimensional After we obtain the optimal warping function h(x), we can calculate the regional ven-10 tilation, which is equal to the difference in local air volume change per unit time. The 11 commonly-used ventilation measure is the specific ventilation sV which takes the initial 12 air volume into account. The sV is equal to the specific air volume change sVol per unit 13 time. Or in other words, in a unit time,
Three different approaches for estimating (9) are described below: to specific volume change. Since the Jacobian tells us the local volume expansion (or 23 contraction), the regional ventilation can be measured by:
Previously, SAJ has been used as an index of the regional function and was compared 25 with Xe-CT estimates of regional lung function [4] . Regional lung expansion, as estimated and (3), we obtain the corrected Jacobian measure of region air volume change, SACJ,
As ν 1 (h(x)) = J(x)ν 2 (x), the specific air volume change is then
If we assume that pure air is -1000 HU and pure tissue is 0 HU, then specific air volume
Compared to Equation 10, the term
is a correction factor that depends on the 2 voxel intensities in the template and target images. The SACJ measure is illustrated in tissue volume is preserved during deformation, or equivalently, that the tissue volume dif-
and
Since ν 1 (h(x)) = J(x)ν 2 (x), with above equation, we have
Substituting the above equation into equation 15, yields
Finally, if we assume that pure air is -1000 HU and pure tissue is 0 HU, then 14 SAI = 1000
which is exactly the result from Simon (DSA) between SACJ and SAI, and the difference of tissue volume (DT) as:
Again, if we assume that air is -1000 HU and tissue is 0 HU, then the tissue volume 8 14 difference is:
Processing starts by identifying the lung regions in all images using the Pulmonary Work- the TVP registration for measuring the regional ventilation from these two phases in a
4DCT scan. The resulting transformation is used to estimate the SAJ, SACJ and SAI.
11
Then EE 0 is registered to EE using TVP registration as well to map the sV to the same 12 coordinate system as that of the SAJ, SACJ and SAI. Due to the fact that the denominator 13 of equation (15) and (22) and then combined with its gradient value to calculate the distinctiveness value D(p).
28
The same system is then applied to guide the observer to match landmarks in the target animals, before registration, the average landmark distance is 6.6 mm with a minimum 10 distance of 1.0 mm, maximum distance of 14.6 mm, and standard deviation of 2.42 mm.
11
After registration, the average landmark distance is 0.4 mm with a minimum distance of with the sV (average r 2 = 0.82). The SAJ, which is directly related to Jacobian as 13 SAJ = J − 1, also shows good correlation with the sV (average r 2 = 0.75). The intensity-14 based measure SAI shows the lowest correlation with the sV (average r 2 = 0.58).
Registration Estimated Ventilation Compared
15 Table 1 shows the results of comparing the r values from SACJ vs. sV and SAI vs. sV.
16
All four animals show that the correlation coefficient from SACJ vs. sV is significantly Table 4 and 5 show that with larger averaging region as defined slabs, there is no 12 significant difference between the correlation coefficients from SACJ vs. sV and SAI vs.
13
sV, between SAJ vs. sV and SAI vs. sV, or SACJ vs. sV and SAJ vs. sV as in Table 6 . landmarks were identified and annotated in each data set to evaluate registration accuracy.
2
The average landmark error is on the order of 1 mm after registration.
3
The ventilation measures SAJ, SACJ, and SAI were derived using a simple model of a Tables 1 and 2 show that the both the SACJ and SAJ have significantly 26 better correlation with sV than the SAI. This is consistent with the findings by Kabus 27 et al. [36] who showed that the Jacobian-based measure of ventilation has less error than 28 the intensity-based ventilation measure, using the segmented total lung volume as a global To compare with the intensity-based ventilation measure used in previous work in Si- analysis in the future to compare different ventilation measures against intensity changes.
15
The image registration algorithm used to find the transformation from EI to EE for change may show even larger difference in the SACJ and SAI measures than the results 22 using TVP as described above.
23
In conclusion, with the same deformation field by the same image registration algorithm, 24 a significant difference between the Jacobian/-corrected Jacobian-based ventilation mea- 
